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Available online 27 November 2015WRKY transcription factors play critical roles in plant growth and development, as well as the response to biotic
and abiotic stresses. Despite the fact thatWRKY gene family has been characterized in a number of plant species,
very little is known in the commonbean, Phaseolus vulgaris. The recently released genome sequences provide us a
good opportunity for genome-wide analysis ofWRKY genes in this legume crop. In this study, a total of 90WRKY
genes (PvWRKYs) were identiﬁed and classiﬁed into three groups, of which the second group was further
separated into ﬁve subgroups based on the structure of the conserved domains. All theWRKY geneswere located
on chromosomes 1 to 11with a non-uniformed distribution. The phylogenetic analysis revealed that themajority
of the PvWRKY genes were clustered with those from soybean, indicating that most of the WRKY genes may be
originated from the same ancestor with Glycine max; both tandem and segmental duplications have played an
important role in the evolution and diversiﬁcation of the WRKY gene family in P. vulgaris. The variety and
complexity of protein structure indicate that WRKY genes may be of signiﬁcance in plant growth regulation
and stress responses. The analysis of expression proﬁles revealed that the majority of WRKY genes showed
tissue-speciﬁc expression, which is indicative of diverged expression during the development of common bean.
© 2015 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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WRKY superfamily of transcription factors (TFs) (Eulgem et al.,
2000) are composed of different types of proteins taking a role in tran-
scriptional regulation of developmental processes and stress responses
in plants (Agarwal et al., 2011; Zhu et al., 2013; Tang et al., 2014). The
WRKY TFs have a ~60 amino acid sequence in the WRKY domain,
containing the most prominent sequence WRKYGQK followed by a
zinc-ﬁnger-like motif C2H2 or C2HC and highly conserved in evolution-
ary history (Eulgem et al., 2000; Rushton et al., 2010). It can recognize
and bind TTGAC(C/T) W-box cis-elements in the promoter regions of
target genes (Du and Chen, 2000; Yamamoto et al., 2004; Lippok et al.,
2007; Rushton et al., 2010). Based on the number of WRKY domains
and the feature of the zinc-ﬁnger motif, the WRKY TFs can be divided
into three groups (Eulgem et al., 2000). Generally, Group I typicallyNA sequencing; HMM, hidden
nt; aa, amino acid(s); AtWRKY,
WRKY transcription factors in
ighbor-joining; DAP, day after
ase of transcript sequence per
pen access article under the CC BY-Ncontains two WRKY domains, both in C- and N-terminal of the protein
and a C2H2 zinc-ﬁnger motif (Eulgem et al., 2000; Wu et al., 2005).
Group II has only one WRKY domain and a C2H2 zinc-ﬁnger motif and
can be further divided into ﬁve subgroups (IIa–IIe) based on the phylo-
genetic relationship of theWRKY domains. The group III WRKY TFs also
have a single WRKY domain, whereas the C-terminal zinc domain is
C2HC (Eulgem et al., 2000; Song et al., 2010; Tang et al., 2013).
The large number of WRKY gene family in plant genomes was re-
sulted from the WRKY gene expansion due to a succession of duplica-
tion events (Cannon et al., 2004; Yin et al., 2013). Up to now, a great
number of WRKY genes mediating various physiological processes
have been identiﬁed in several higher plants, such as Arabidopsis
(Eulgem et al., 2000), rice (Ross et al., 2007), Brachypodium distachyon
(Tripathi et al., 2012), Glycine max (Yin et al., 2013), cotton (Dou et al.,
2014), Medicago truncatula (Song and Nan, 2014), and so on. Further-
more, a variety of WRKY genes involved in physiological processes
have been found in plants, such as plant growth and development
(Xie et al., 2007; Wang et al., 2010; Zhang et al., 2011; Guan et al.,
2014), and stress resistance (Rushton et al., 2010; Tang et al., 2014).
In plants, one of the most important efﬁcacy is the defense against var-
ious stresses, including biotic stresses, like bacterial (Tao et al., 2009;
Dey et al., 2014), fungal (Babu et al., 2006; Yang et al., 2009) and viral
pathogens (Yang and Chen, 2001; Zheng et al., 2011; Liu et al., 2014;C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Table 1
WRKY family genes detected in the P. vulgaris genome.
Gene name Locus ID Group Chr Protein property
Length (aa) PI MW (kDa)
PvWRKY1 Phvul.001G039900.1 II-c 1 152 5.39 17.3639
PvWRKY2 Phvul.001G042100.1 II-a 1 270 7.1 30.5949
PvWRKY3 Phvul.001G042200.1 II-a 1 281 8.55 31.3856
PvWRKY4 Phvul.001G060200.1 II-d 1 320 9.72 34.776
PvWRKY5 Phvul.001G088200.1 II-c 1 257 9.53 28.3692
PvWRKY6 Phvul.001G173700.1 I 1 471 8.59 52.3104
PvWRKY7 Phvul.001G213600.1 II-e 1 262 4.83 29.8581
PvWRKY8 Phvul.001G214400.1 II-c 1 294 6.84 33.6197
PvWRKY9 Phvul.001G218500.1 II-b 1 520 8 56.1249
PvWRKY10 Phvul.002G016100.1 II-d 2 326 9.67 35.6565
PvWRKY11 Phvul.002G081600.1 II-c 2 293 5.92 32.1487
PvWRKY12 Phvul.002G089700.1 II-b 2 439 7.61 48.2534
PvWRKY13 Phvul.002G091100.1 I 2 455 8.74 49.8134
PvWRKY14 Phvul.002G103400.1 I 2 438 7.71 47.9063
PvWRKY15 Phvul.002G160100.1 II-e 2 240 8.5 27.1549
PvWRKY16 Phvul.002G163400.1 III 2 347 5.08 39.3158
PvWRKY17 Phvul.002G196800.1 II-c 2 359 6.55 39.2323
PvWRKY18 Phvul.002G202000.1 II-e 2 436 5.55 47.5006
PvWRKY19 Phvul.002G202500.1 II-b 2 487 5.71 53.7562
PvWRKY20 Phvul.002G240900.1 II-e 2 258 5.07 28.8644
PvWRKY21 Phvul.002G265400.1 II-c 2 188 6.86 21.3766
PvWRKY22 Phvul.002G266400.1 II-c 2 230 9.1 26.1697
PvWRKY23 Phvul.002G285800.1 II-c 2 150 9.67 17.5569
PvWRKY24 Phvul.002G293200.1 II-e 2 293 5.82 32.9572
PvWRKY25 Phvul.002G297100.1 III 2 362 5.34 41.3743
PvWRKY26 Phvul.003G068700.1 II-b 3 464 8.92 51.1015
PvWRKY27 Phvul.003G116300.1 II-c 3 399 5.85 43.4903
PvWRKY28 Phvul.003G124000.1 II-b 3 400 8.98 44.1251
PvWRKY29 Phvul.003G139500.1 II-d 3 321 9.94 34.9488
PvWRKY30 Phvul.003G156300.1 I 3 505 9.09 54.8396
PvWRKY31 Phvul.003G192000.1 II-b 3 645 6.74 70.0027
PvWRKY32 Phvul.003G240900.1 II-d 3 320 9.63 34.3882
PvWRKY33 Phvul.004G105800.1 II-e 4 402 6.5 44.1898
PvWRKY34 Phvul.005G005800.1 I 5 741 5.87 80.3151
PvWRKY35 Phvul.005G080200.1 III 5 302 6.01 34.7783
PvWRKY36 Phvul.005G080300.1 III 5 305 5.9 34.8265
PvWRKY37 Phvul.005G080400.1 I 5 281 6.59 32.3747
PvWRKY38 Phvul.005G093800.1 II-e 5 254 6.26 28.1488
PvWRKY39 Phvul.005G116000.1 II-b 5 618 5.99 66.8222
PvWRKY40 Phvul.005G181800.1 II-a 5 304 9 33.7662
PvWRKY41 Phvul.006G047300.1 II-b 6 445 7.69 48.6532
PvWRKY42 Phvul.006G053300.1 I 6 582 6.26 63.1169
PvWRKY43 Phvul.006G074600.1 I 6 538 6.82 59.3431
PvWRKY44 Phvul.006G111700.1 III 6 374 5.22 42.074
PvWRKY45 Phvul.006G119100.1 II-c 6 352 5.79 38.6756
PvWRKY46 Phvul.006G123000.1 II-e 6 496 5.93 53.6661
PvWRKY47 Phvul.006G147800.1 II-b 6 612 7.66 65.7438
PvWRKY48 Phvul.007G075400.1 II-e 7 316 6.73 35.6263
PvWRKY49 Phvul.007G118100.1 II-c 7 358 5.88 40.3444
PvWRKY50 Phvul.007G118200.1 II-c 7 366 5.65 41.5321
PvWRKY51 Phvul.007G177900.1 II-d 7 359 9.64 40.4457
PvWRKY52 Phvul.007G209000.1 II-b 7 463 6.7 50.9972
PvWRKY53 Phvul.007G212900.1 II-c 7 320 5.9 35.993
PvWRKY54 Phvul.008G039900.1 I 8 519 7.02 56.7994
PvWRKY55 Phvul.008G043000.1 II-b 8 540 7.68 58.9482
PvWRKY56 Phvul.008G048100.1 II-c 8 224 6.71 25.5864
PvWRKY57 Phvul.008G054100.1 I 8 715 5.92 78.1199
PvWRKY58 Phvul.008G058000.1 II-c 8 180 8.79 20.5774
PvWRKY59 Phvul.008G058300.1 II-e 8 347 5.73 37.862
PvWRKY60 Phvul.008G081800.1 III 8 305 5.72 34.4506
PvWRKY61 Phvul.008G090300.1 I 8 540 6.64 60.2167
PvWRKY62 Phvul.008G119400.1 II-c 8 312 6.07 34.6119
PvWRKY63 Phvul.008G185700.1 III 8 311 6.73 35.2106
PvWRKY64 Phvul.008G185800.1 III 8 257 8.57 28.8226
PvWRKY65 Phvul.008G192800.1 II-c 8 334 8.13 38.008
PvWRKY66 Phvul.008G251300.1 I 8 573 6.71 62.631
PvWRKY67 Phvul.008G251700.1 II-un 8 329 6.5 37.4269
PvWRKY68 Phvul.008G251800.1 II-un 8 319 8.44 36.2489
PvWRKY69 Phvul.008G270500.1 II-b 8 457 6.2 50.2826
PvWRKY70 Phvul.008G275300.1 I 8 585 7.65 63.2105
PvWRKY71 Phvul.008G286100.1 I 8 506 6.74 55.3264
PvWRKY72 Phvul.009G043100.1 III 9 283 5.06 32.2681
PvWRKY73 Phvul.009G043200.1 III 9 389 6.07 43.5411
(continued on next page)
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Table 1 (continued)
Gene name Locus ID Group Chr Protein property
Length (aa) PI MW (kDa)
PvWRKY74 Phvul.009G080000.1 II-c 9 159 5.12 18.1661
PvWRKY75 Phvul.009G087400.1 II-a 9 291 7.08 32.2072
PvWRKY76 Phvul.009G101900.1 II-d 9 297 9.8 32.5814
PvWRKY77 Phvul.009G137500.1 III 9 353 5.67 39.6686
PvWRKY78 Phvul.009G138600.1 II-c 9 236 9.11 26.8776
PvWRKY79 Phvul.009G138900.1 II-c 9 194 6.24 22.2115
PvWRKY80 Phvul.009G189700.1 II-b 9 596 6.13 65.0262
PvWRKY81 Phvul.009G195200.1 I 9 475 8.28 52.1196
PvWRKY82 Phvul.009G220700.1 II-b 9 417 8.26 46.0996
PvWRKY83 Phvul.009G233900.1 II-d 9 301 9.57 32.8897
PvWRKY84 Phvul.010G057900.1 III 10 286 5.76 32.8467
PvWRKY85 Phvul.010G062500.1 I 10 497 6.4 55.2259
PvWRKY86 Phvul.010G104200.1 II-e 10 363 6.02 39.6019
PvWRKY87 Phvul.010G104700.1 II-c 10 203 9.02 22.8729
PvWRKY88 Phvul.010G111900.1 III 10 370 5.14 41.3896
PvWRKY89 Phvul.010G161100.1 II-a 10 315 8.73 35.0486
PvWRKY90 Phvul.011G101900.1 II-b 11 600 6.03 65.004
24 N. Wang et al. / Plant Gene 5 (2016) 22–30Shi et al., 2014), and abiotic stresses, such as salinity (Qin et al., 2013;
Wang et al., 2014; Zhou et al., 2014), drought (Ren et al., 2010;
Ricachenevsky et al., 2010; Okay et al., 2014), heat (Dang et al., 2013)
and cold (Talanova et al., 2009; Sahin-Cevik, 2012; Wang et al., 2014).
The other important function ofWRKY TFs is the regulation of develop-
mental processes, such as embryogenesis (Lagace and Matton, 2004),
seed development (Robatzek and Somssich, 2001; Xie et al., 2007;
Zhang et al., 2011), and leaf senescence (Robatzek and Somssich,
2001). Additionally, a previous study has also identiﬁed WRKYs in-
volved in some signal transduction processes mediated by plant hor-
mones, such as gibberellins (GA) and abscisic acid (ABA) (Zou et al.,
2004; Zhang et al., 2009; Liu et al., 2012; Rushton et al., 2012).
Common bean (Phaseolus vulgaris L.) is an important legume crop for
human consumptions, andmore importantly, has a vital role in nitrogen
ﬁxation. The published whole genome sequences make it possible to
characterize and analyze WRKY transcription factors in common bean.
In this study, we characterized 90 WRKY genes by analyzing whole ge-
nome sequences published by Schmutz in 2014 (Schmutz et al., 2014).
We conducted a genome-wide analysis including chromosomal localiza-
tions, genomic distributions,motif composition of proteins, phylogenetic
relationships and expression proﬁles in the common bean genome.
These ﬁndings provide sufﬁcient information that enables us to further
study the evolution and function of the WRKY gene family in P. vulgaris.
2. Materials and methods
2.1. Identiﬁcation of putative WRKY proteins in P. vulgaris
To identify the WRKY genes in common bean, we downloaded the
annotated P. vulgaris genome sequences (v1.0) from Phytozome v9.0
(http://www.phytozome.net/commonbean.php). The HMM proﬁle of
WRKY DNA-binding domain (PF03106) was downloaded from Pfam
protein family database (http://pfam.sanger.ac.uk/) (Finn et al., 2008),
and the putative WRKY proteins in P. vulgaris genome were explored
using HMMER 3.0 (HMMER 3.0, http://hmmer.janelia.org/) with the
default parameters. The redundant WRKY sequences were manually
checked and removed, and all the other WRKY protein sequences
were considered and used for further analyses. Length of sequences,
molecular weight (MW) and isoelectric point (pI) of the WRKY-
related proteins were calculated by an online tool provided by Expasy
website (http://web.expasy.org/protparam/).
2.2. Classiﬁcation of the WRKY family
Based on the AtWRKY classiﬁcation in Arabidopsis and DNA-
binding domain alignments using Clustal X 2.1 with default settings(Larkin et al., 2007), the PvWRKY genes were classiﬁed into different
groups.
2.3. Chromosomal locations of WRKY, multiple sequence alignments and
phylogenetic analysis
The chromosomal locations of 90WRKYgeneswere retrieved froma
general feature format (GFF) ﬁle of the annotated genome information.
The map of the location image was drafted with MapInspect software
(http://www.plantbreeding.wur.nl/uk/software-mapinspect.html).
Multiple sequence alignment of the WRKY domains was performed by
MUSCLE (Edgar, 2004). The phylogenetic tree was constructed with
MEGA6.06 with the neighbor-joining method (Tamura et al., 2013).
The reliability of phylogenetic trees was tested using bootstrap with
1000 replicates.
2.4. Motif composition analysis of PvWRKY proteins
The PvWRKY gene structure analysis was conducted byMEME Suite
(Bailey et al., 2009). The conserved motifs were identiﬁed with the
parameters: minimum motif width, 6; maximum motif width, 50;
and maximum number of motifs, 10. All putative PvWRKY protein
sequences were submitted to 2ZIP (http://2zip.molgen.mpg.de/index.
html) to identify a Leu-zipper motif. Motif LXXLL (or LXLXLX) and
HARF (RTGHARFRR (A/G) P) were found manually.
2.5. Expression analysis
Illumina RNA-seq datasets were downloaded from Phytozome (ver-
sion 9.0) (http://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=
Org_Pvulgaris) and used to construct the expression proﬁle of the
PvWRKY genes (Schmutz et al., 2014). Gene expression levels were
calculated by Cufﬂinks in FPKM units (expected number of fragments
per kilobase of transcript sequence per millions base pairs sequenced)
(Mortazavi et al., 2008; Trapnell et al., 2010). FPKM values were log2
transformed and the heatmap was generated with pheatmap package
in R language.
3. Results and discussion
3.1. Identiﬁcation of WRKY genes in the P. vulgaris genome
In this study, a total of 90 non-redundant PvWRKY genes were
identiﬁed and renamed from PvWRKY1 to PvWRKY90 according to
their order located on chromosomes 1 to 11. The average length of the
WRKY proteins was 380 aa, ranging from 150 aa (PvWRKY23) to
25N. Wang et al. / Plant Gene 5 (2016) 22–30740 aa (PvWRKY34). While the molecular weight (MW) ranged from
16.470 kDa to 99.618 kDa and the isoelectric point (pI) was between
4.83 and 9.94 (Table 1), indicating the high complexity of WRKY
genes (Eulgem et al., 2000; Pandey and Somssich, 2009).
Although theWRKYGQKmotif is highly conserved, several sequence
variations were also observed within the domains (Robatzek and
Somssich, 2001; Zhang et al., 2009), such as WRKYGKK, WRKYGMK,
WSKYGQK, WQKYGQK, and WIKYGEN. In this study, 7 WRKY genes
with sequence variations were identiﬁed, wherein PvWRKY1, -21, -74,
-79, of which the WRKY domain was the sequence of WRKYGKK,
whereas the N-terminal WRKY domain of PvWRKY85 was WRKYGEK.
Besides, PvWRKY67 contained a WKKYEDK WRKY domain and the
WRKY domain of PvWRKY68 was WKKCEDK (Fig. 1). Additionally,
PvWRKY37 loses a WRKY domain in the N-terminal, probably derived
from an annotation error (Zhang et al., 2009). The detailed results of
WRKY domain variations and zinc-ﬁnger structures of PvWRKYs are
given in additional ﬁle Supplementary Table A1.
3.2. Classiﬁcation of PvWRKY proteins based on their WRKY domain
sequences
The conserved WRKY domain, which is an approximately 60 amino
acid sequence containing the conserved heptapeptide WRKYGQK
followed by a zinc-ﬁnger-like motif, is always considered to be the
most prominent feature ofWRKYs. This comprises the core components
of theWRKY interacting with theW-box (C/T) TGAC (T/C) to regulate a
large number of stress-related genes (Eulgem et al., 1999; Maeo et al.,
2001; Ciolkowski et al., 2008; Brand et al., 2013). In this study, a total
of 107 WRKY domains were found in the 90 PvWRKY genes.
To ensure the classiﬁcation category of PvWRKY proteins, a multiple
alignment of amino acid sequences of all 107 PvWRKY domains was
performed by using Clustal X 2.1 (Larkin et al., 2007) program with
default parameters. Based on the WRKY domain alignments, three
major groups were categorized as described by Wu et al. (2005) and
ﬁve subgroups in group II were further characterized. Generally, 16
PvWRKYs with two WRKY domains were assigned to group I. Most of
the zinc-ﬁnger structures in this group are the C2H2 type (C–X4–C–
X22–23–H–X1–H) except that PvWRKY37 with zinc-ﬁnger domain was
C2HC (C–X7–C–X23–24–H–X1–C) like that in group III. While group II
comprises the largest number of WRKY genes, containing 61 WRKY
members that could be further divided into ﬁve subgroups: IIa (5), IIb
(14), IIc (22), IId (7) and IIe (11), and an unknown subgroup (2).
Notably, the two PvWRKYs belonging to this unknown subgroup IIun
did not cluster with any knownWRKY subgroup and failed to ﬁnd any
known homologous genes, indicating a novel branch identiﬁed in
P. vulgaris. Each of the 61 PvWRKYs in this group had only one WRKY
domain and the C2H2 type of zinc-ﬁnger structure (C–X4–5–C–X23–
H–X1-H), except for PvWRKY15 in group IIe with a C2HX zinc-ﬁnger.
Additionally, 13 PvWRKYs with a single PvWRKY domain and the
zinc-ﬁnger structure of C2HC were assigned to Group III.
3.3. Chromosomal locations of PvWRKY genes
According to the available location information, all the PvWRKYs
were mapped on the chromosomes with the TblastN (Fig. 2), and a
comprehensive distribution was found on chromosomes 1 to 11 of the
common bean (Table 1). Chromosome 8 was found to be the most
intensive group with the largest number of 18 WRKY genes, followed
by chromosome 2 and chromosome 9 with numbers of 16 and 12
WRKY genes, respectively. A total of 9 WRKY genes were identiﬁed onFig. 1. The amino acid alignment of PvWRKY domains. The alignment was performed
by using Clustal W and displayed with color-align software online (http://www.
bioinformatics.org/sms2/color_align_cons.html). The conserved heptapeptide WRKYGQK
domains and zinc-ﬁnger motifs C2H2 (or C2HC) are marked with a red frame.
Fig. 2. Chromosomal locations of P. vulgarisWRKY genes. The markers next to the gene names represented the groups to which each WRKY gene belongs (★: group I; ▲: group II;
■: group III).
26 N. Wang et al. / Plant Gene 5 (2016) 22–30chromosome 1, and 7WRKYs were located on chromosomes 3, 5 and 6,
respectively. The samenumbers of 6were foundon chromosomes 7 and
10. While chromosomes 4 and 11 had only one, the fewest number of
WRKY gene. The results suggest a random distribution of the WRKY
genes among different chromosomes of P. vulgaris.
As deﬁned by Holub (2001), the gene cluster was a chromosomal
region fewer than 200 kb containing two or more genes caused by a
tandem duplication event. Of the 90 WRKY genes in P. vulgaris, a total
of 29 fell into 13 clusters among eight chromosomes, except for
chromosomes 3, 4 and 11. Surprisingly, we found a dense distribution
of WRKY genes on chromosome 8, on which we totally identiﬁed 7
WRKY genes gathered in 3 clusters. Besides, chromosomes 1, 2 and 9
contained two clusters, while only one cluster was located on each of
the other chromosomes. These hot spots of WRKY genes in P. vulgaris
illustrated signiﬁcantly irregular distribution on chromosomes, further
suggesting the contribution of tandem duplication events to PvWRKY
gene family evolution.3.4. Evolution of the WRKY gene family in P. vulgaris
Previous studies have shown that WRKY genes in groups II and III
evolved from group I, with the loss of the WRKY domain in the
N-terminal (Xie et al., 2005; Zhang andWang, 2005). To further exam-
ine evolutionary relationships between predicted WRKY DNA-binding
domains in P. vulgaris and theWRKY domains from other plant species,
an unrooted phylogenetic tree was constructed based on the multiple
sequence alignment of 404 conservedWRKY domains from Arabidopsis
thaliana (Eulgem et al., 2000), G. max and P. vulgaris (Fig. 3). Our results
showed that groups II and III were clustered into a cladewith group I_C,
indicating that the genes in groups II and III had a close evolutionary
relationship with that of group I. The original phylogenetic tree
of WRKY domains in the three species is given in Supplementary File
A3.
According to the phylogenetic tree, there were 13 group III PvWRKY
genes that were clustered into two clades, with PvWRKY 16, -25, -44,
Fig. 3. Phylogenetic tree of WRKY domain from A. thaliana, G. max and P. vulgaris. The phylogenetic treewas generated usingMEGA 6.06, by neighbor-joining (NJ)method with bootstrap
1000 replicates. Each species was characterized with a speciﬁc color.
27N. Wang et al. / Plant Gene 5 (2016) 22–30-73, -77 and -88 in one branch and the others grouped into another.
Interestingly, six pairs of orthologous WRKY genes were found in
P. vulgaris and G. max, but no paralogs were detected in group III
PvWRKY genes. There was merely one pair of orthologous genes
between P. vulgaris and A. thaliana in group III, probably suggesting
distantly evolutionary divergence between them.
This study suggests that both tandem and segmental duplications
have played an important role in the evolution and diversiﬁcation of
the WRKY gene family in P. vulgaris. Two tandem duplication events
(PvWRKY49 and PvWRKY50, PvWRKY67 and PvWRKY68) were
separately detected on chromosome 7 and chromosome 8. Besides, we
identiﬁed several segmental duplication events in the genome, such as
PvWRKY11 and PvWRKY53, PvWRKY33 and PvWRKY55, PvWRKY39
and PvWRKY69, PvWRKY17 and PvWRKY65, indicating that the expan-
sion of theWRKY family was not mainly generated by the tandem gene
duplication.
3.5. Motif composition analysis of PvWRKY proteins
Besides the 60 conserved amino acid residues, othermotifs also exist
in the rest of the WRKY protein sequences, such as Leu-zipper motif, a
putative structure of a new class of DNA binding proteins in few
WRKY proteins (Eulgem et al., 2000; Cormack et al., 2002). To further
investigate the similarity and diversity of motif compositions among
different PvWRKYs, all the WRKY proteins identiﬁed in P. vulgaris
genome were used to predict the putative motifs with online MEME
program (Bailey et al., 2009) (Fig. 4). The lengths of 10 motifs ranged
from 21 to 50, and the distribution of the motifs in each protein
sequence varied largely (Table 2). A Leu-zipper motif was found
in IIa (PvWRKY2, PvWRKY3, PvWRKY75) and IIb (PvWRKY9 and
PvWRKY52). In this study, group III (PvWRKY63, PvWRKY64,
PvWRKY73 and PvWRKY74) proteins obtained a LXXLL (or LXLXLX)motif, which has previously been proven to be important to immune
responses in plants (Pandey and Somssich, 2009a; Ishihama and
Yoshioka, 2012). Besides, motif HARF was distributed among subgroup
IId (PvWRKY4, PvWRKY10, PvWRKY29, PvWRKY32, PvWRKY76, and
PvWRKY83), although its function still remains unknown (Eulgem
et al., 2000; Xie et al., 2005). The variety and complexity of these motifs
inWRKYgenes indicate thatWRKYgenesmay be of great importance in
the growth regulation and stress responses. The whole sequences of
PvWRKY proteins are given in Supplementary File A4.
3.6. Expression of the WRKY genes in P. vulgaris
To investigate expression patterns of PvWRKYs at different develop-
mental stages, we analyzed and calculated the expression patterns of
PvWRKY genes in eleven tissues, including roots 10 DAP (days after
planting), roots 19 DAP, nodules 19 DAP, stem 10 DAP, stem 19 DAP,
primary leaves 10 DAP, young trifoliates 19 DAP, ﬂower buds, whole
ﬂowers, young pods, and green mature pods. With FPKM value of 1
used to detect whether the gene was positively expressed (Gonzalez-
Porta et al., 2013; Manteniotis et al., 2013), 76 of the 90 predicted
WRKY genes were expressed at least in one of the eleven tissues of
P. vulgaris (Fig. 5). Probably they are expressed in other tissueswe failed
to collect, or some of them may be pseudogenes. Surprisingly, most of
the PvWRKYs appeared highly expressed in roots, while no PvWRKYs
were speciﬁcally associated with leaves, indicating their putative func-
tions during the development of roots. Additionally, some other genes
clearly exhibited tissue-speciﬁc expression proﬁling among different
tissues. For example, PvWRKY15 and PvWRKY85 were particularly
expressed in young pods and roots 19 DAP, separately. Moreover,
PvWRKY33 andPvWRKY35 specially existed in roots 10DAP, suggesting
that these PVWRKYs may play a role in the early developmental stage.
With 2 (log2 transformed FPKM value) as expression level threshold,
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Fig. 5. Expression proﬁle of PvWRKY genes among the eleven tissues and developmental stages. The expression levels from low to high are shown by using the color from blue to red. The
expression levels were calculated by log2-transformed FPKM values.
Table 2
Consensus sequences of motifs in PvWRKY proteins.
Motif Width E-value Best possible match Description
1 29 5.5e−2019 ILDDGYRWRKYGQKVIKGNPYPRAYYRCT WRKY domain part
2 29 2.5e−1522 GCPVRKHVERCAEDPTMVITTYEGEHNH
3 50 8.6e−524 DGYNWRKYGQKQVKGSEYPRSYYKCTHPNCPVKKKVERSHDGHITEIIYK WRKY domain part
4 21 2.2e−215 KKGERTVREPRFVFQTRSEVD
5 29 6.0e−158 LPPAATAMASTTSAAASMLLSGSMTSHDG
6 29 8.7e−152 DLVEAMTAAITADPNFRAALAAAISSIIG
7 39 1.4e−151 LQAELERMKEENQRLREMLDQICENYHALQMHFMEIMQK
8 28 1.5e−086 PCYFSMATLSASAPFPTITLDLTQNPTN
9 15 2.7e−067 KKRKMMVKWVVCVPA
10 21 1.0e−045 LVDKVLSSFKKAILLLNWTGH
29N. Wang et al. / Plant Gene 5 (2016) 22–3063.3% (57/90) WRKY genes were found highly expressed at least in one
tissue. PvWRKY3 and PvWRKY19 particularly highly expressed in
ﬂowers and roots 19 DAP individually, suggesting that they may func-
tion during the development of these tissues. A substantial number of
PvWRKYs exhibited no signiﬁcant expression differences among tissues,
such as PvWRKY42, PvWRKY71 and PvWRKY88, which probably play a
ubiquitous role during the development of the common bean. The
detailed information of PvWRKY gene expression values is given in
additional ﬁle Supplementary Table A2.4. Conclusions
The WRKY gene family is an important transcription factor family
and has been implicated in plant development and responses to various
biotic and abiotic stresses. With the P. vulgaris genome data available, a
total of 90 WRKY genes were identiﬁed in this species, and all of these
genes were anchored on 11 chromosomes. The phylogenetic analyses
revealed that the WRKY family underwent gene duplication events
in P. vulgaris. This study provides new insights into the organization,
evolution, and expression of WRKY family in the P. vulgaris genome,
enabling us to further our research on the function of PvWRKYs under
diverse developmental stages or stresses.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.plgene.2015.11.003.Conﬂict of interest
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